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RESEARCHMEMORANDUM

PRESSUREPULSATIONSONRIGIDAIRFOIIS

AT TRANSONICSPEEIE

ByMiltonD.Hmnphreys

SUMMARY

Theeffectsof changesInMachnmber,thicknessratio,andangle
ofattackon theamplitudeof thepressurepulsationsonseveralairfoils
havebeenobtainedat transonicspeeds,andthecorrespondingflowspast
theairfoilswererecordedby high-speedschlierenmotionpictures.
NACA65A-seriessymmetricalairfoilsranginginthictiessfrom4 to
I-2percentchordwereinvestigatedatMachnumbersfrom0.6toapproxi-
mately1.0at anglesofattackfrom0° to 80. Thetestsweremadein
theLangleyk-by lg-inchtunneloperatingwitha chokeddiffuser.

A primaryconclusiondrawnfromthepresentinvestigationisthat
reductioninairfoilthicknessisaccompaniedbymarkedreductionsin
thema~itudeof theaerodynamic-pressurepul+tionswhicharebelieved
to contributetoairplanebuffetingath@h speeds.Thisgeneralcon-
clusion, derivedfroma two-dimensionalunsteadyflowinvestigation,is
inqualitativeagreementwiththeltiitedresultscurrentlyavailable
fromflightbuffetinginvestigations.

INTRODUCTION

Flightbuffetinginvestigationson conventionalairplaneswith
unsweptwings(reference1) indicatethat,at lowspeedS,flowseparation
andbuffetingoccuras themaximnn-liftcoefficientisapproachedbut,
at speedsnearthatcorrespondingto theforce-breakMachnumber,the
liftcoefficientatwhichbuffetingstartsdecreasesto lowvalues.A
recentstudy,comparison,andcorrelationofavailabledatapertaining
tobuffetingaregiveninreference2. Buffetingoccurringat low-lift
coefficientsat transonicspeedshasbeenassmnedto resultfrom
compression-shockeffectson”thewing.“Sincea studyofshockeffects,
particularlyinregardto steadinessof flow,couldbereadilyinvesti-
gatedintwo-dtiensionalflow,a preliminaryinvestigationof theflow
fluctuationson rigidairfoilswasconductedintheLangley4-by lg-inch
tunne1. Thepurposeofthisinvestigationistopresentdatatoassist
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inan understandingofthefundamentalnature.ofsuchfluctuatingflows,
to determinetheeffectof airfoilthiclmes,son flowfluctuations,and,
ifpossible,to relatetheflowpulsationsto airplanebuffeting.In
ordertoaccomplishthispurpose,timehistoriesof instantaneouspres-
surepulsationsactingateightchordwisestationsontheuppersurfaces
of fourairfoilswereobtained,andthecorrespondingflowspasttheair-
foilswererecordedbyhigh-speedschliere.nmotionpictures.Theda~a
wereobtainedonNACA65A-seriessymmetric~lafifoils~glng inthick-
nessesfrom4 to 12percentchord,atMachnumbersf~. 0.6toapproxi-
mately1.0,andatanglesof attackfroin0°to &. TheReynoldsn~ber
oftheflowbasedonthemodelchord’rangedfrom1.2”to1.7x l@.

APPARATUS,MODELS,h TESTS

TestsweremadeintheLangley4-by lg-inchsemiopentunnel.The
tunnel-speedwasheldconstsatforeachtestpointby a variablethroat
locatedinthediffuserdownstreamfromthetestsection.Wit-hthetun-
nelemptyandwiththevariablethroatinuse,pressurepulsationsof
6 percentofthestreamdynamicpressurewereobservedonthesidewalls
at thepositionofthemodelforMachnumbersfrom0.7to nearO.gO.At
Machnumber1.0,thepulsationsintheflow-areessentiallyzero.The
frequencyofthetunnelpulsationwasaround250cyclespersecond.
SincetheJ-inch-chordNACA651A012airfoil”hadpress&e-pulsationfre-
quenciesnearthisvalue,M wasnecessaryto determinetheeffectof
thetunnelpulsationsonthepulsatingpressureson theairfoils.Tests
onseveral12-percent-thickmodelsof 1,75-, .2.5-,antih-inchchor~
indicatedthattheproductofthefrequencyincyclespersecondand
chordinincheswaaapprox~telya constant(1000)fortestReynolds
numbersfrom0.7to 1.7x 106. Itwasconcludedfromtheseteststhat
thelow-amplitudepressurepulsationinthetgnnelofapproxtiately
250cyclespersecondhadno significanteffectont~eresultspresented
herein.

A g-inch-diameterflowfieldsurroundingthemodelswasphoto~aphed
by a hi&-speedmotion-picturecamerautilizingtheschlierenmethodof
fluwphot-o~aphy.”Thecamera,capableof f~lmspeedsfrcm500to
5,000framespersecond,recordeda detailedphotographichistoryof “~he
oscillationoftheshockwavesandflowseparation.

Timehistoriesof theinstantaneouspressure pulsationsactingat
eightchordwisestationsonthesurfaceoftheairfoilswereobtained”
at s’everalconstantMachnumbersbyminiatuieelectricalinductionpres-
surecells,Thepressureorif{ceswerelocatedat 6.25-,12.5-,25-,
37.!5-,-50-i62.5-,75-,afi~87.5-wmeni-di@stat~otis.Thewess~
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cells,mountedon theendplatealongthemodelchordline(fig.1),
wereconnectedto the,pressureorificesInthemodelsby shortducts
drilledintotheendof themodels.Thecalibrationfactordiffered
foreachcellbecausesmalldifferencese~titedh thesensitivityof
thecells.

A laboratorysetupsimulatingthe instrumentationforthemodels “
wasusedindeterminingtheaccuracyof thetestinstallation(fig.2).
Double-amplitudepressurepulsationsof21 inchesofwaterwereimposed
on theorificeinthelaboratorytestsetupat frequenciesrangingfrom
40 to 3000cyclespersecond.Thetidicatedpressureresponsefor”the
cells,ducting,andrecordingsystemWM accuratetowithin*4percent
ofa constantvalueof’1.08forfrequenciesof 100to400cycles per
second.

ThemodelsinvestigatedwereNACA6X-seriessymmetricalairfoils
ofk-inchchordandspan,havingthicknessesofk-,6-, 9-, and12-percent
chord.TheairfoilordinatesarepresentedintableI. Thedatawere
obtainedatMachnumbersfrom0.6 toapproximately1.0andat anglesof
attackfrom0°to ~. ThecorrespondingReynoldsnumberswerefrom
1.2to 1.7x 106.

RESUZTSANDDISCUSSION

InterpretationofData

TypicalPortionsof therecordsofpulsationsinpressurewiththe
aresh&?nin?igure3 fortheNACA651AO?2airfoil.F& thisprofileat
0°angleofattackandat a Machnumberof 0.87(fig.3(a)),thereappesr
tobe burstsof roughlyfixed-frequency,fixedamplitudeoscillations
separatedby intervalsofhaphazardfluctuations.Therecordsshowhigh-
smplitudepressurepulsationsoccurringat infrequentintervals,aswell
as infrequentlow-amplitudepressurevariationsofsimilaroccurrence.●

Theseisolatedor infrequentpulsationsaJ15gotconsideredimportantas
regardsbuffeting.

Forthefked-fmquencytypeof oscillation,itwasfoundfrom
observationsonseveral12-percent-thickmodelsof differentchordsthat
theproductof thefrequencyandchordwasapproximatelya constantfor

thetestReynoldsnumberrangefrom0.7to 1.7x 106. Similarunpublished
resultswereobtainedat theAmesAeronauticalLaboratoryforReynolds
numbersfromapproximately3 to 5 x 106. Thisperiodictypeof oscill.a-
tionlaconsidereda characteristicofthickairfoils(reference3).
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It isbelievedthattheamplitudeQ occurrfigInthefixed-
flreguencyportionsoftherecordh mostrepresentativeoftheforce
fluctuationswhichcausebuffetingontheairfoil.Thepressurepul.
sation.Ap measuredfroma cresttoan adjacenttroughofa pressure
pulseisthedouble-amplitude”variationof thep~ssureaboveand@low
theaveragelevelofpressureexistingat theairfoil-orifice.‘These
recordsdonotgivean indicationoftheaveragepressureon theair-
foil,.sinceeachgagewasreferencedtoq steadypressurenearthe
averagepressureexistinglocallyontheairfoilsurface.
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Theairfoilat thehigheranglesof.8ttackexperiencesarandcm- ~ Z
typepulsation.A portionof a recordforthe~ACA671A012airfoilat
anangleofattackof @ anda Machnumberof 0.80isshowninfig-
ure3(b).Therecordischaracterizedbyhaphazardpressurepulsations
?f Irregularamplitude.

—
Thetracesforeachoftheseveralorifices .,..__:

generallybeara marlnedresemblancetooneanotherandareapproximately
inphase.Therearepressurepulsations,uEuallyof intermediatesmpli-
tude,thatappeartopredominate.Thepredominantamplitudesthat.rec~
frequentlytmoughouttheIndividualtracesareconsideredthetypical

—

amplitudesforthistypeofrecord. —

me amplitudeof thepulsatingpressuresAp h expressedinterms ~
~. Thevariationof ‘+ofthestreamdynamicpressureas
q

alongthe a
airfoilchordobtainedfromfigure3(b)~ showninfigureh as the
typicalpressurepulsationalongtheupp&&surface.Typicalvaluesof
thepressurepulsationonthe”lowersurfacealsohavebeenobtainedand “
areshown.Theamplitudeofthepressurepulsationsforthelowersur-
faceisofrelativelysmallmagnitude.ThUs,theprincipalcontribution
to theunsteadyflowismadeby theupper.surfaceatmoderateandhigh
anglesofattack.Intheanalysisthatfollows,onlytheupper-surface--
pressurefluctuationsareconsidered. ..,-

Thehigh-amplitude,high-freqwncypi%ssurepulsationsmeasured
ontheuppersurfaceofthickairfoilsindicatedtheprobabilityofa“
rapidlyoscillatingflowinthespeedrangeh whichtheairfoilexper~-
encedthepressurepulsations.Inorderto substantiatetheexistence
ofhigh-frequencyoscillationsoftheshockwavesandthepointof flow
separationontheairfoilinthisspeedfinge,high-speedschlieren
motionpicturesoftheflowp~t theairfpilswere~obtalned.A repre-
sentativestripofthemoviefilm(fig.5(a)),consistingofseveral _
successiveframesphotographedat therateof5,000framespersecond,
illustratestheveryrapidflowchangesthatoccurabouttheNACA ._.... ..
651A012airfoilatanangleofattackOf-QoendaldachnumberofO.~.
Thissequenceillustratestheperiodicout-of-phase”oscillationofthe
shockwavesontheupperandlowersurfaces“ofthe&tifoilwhichisa
characteristicof thethickairfoilsat lowanglesof attack,Figure5(b)’

—
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showsa representativestripofmoviefilmof theflowabouttheNACA
651A012airfoilat an angleofattackof6.4°anda Machnumberof0.87.
Theviolentflowfluctuationson theuppersurfaceof theairfoilpro-
ducelargepressurepulsations.

Schlierenphotographswereobtainedto illustratetheflowchanges
thatoccurontheNACA651A012airfoilforconditionsatwhichhigh-
-pressurepulsationsweremeasuredontheairfoilsurface.Figure6(a)
showstwoinstantaneousschlierenphotographsoftheflowabut t~ ah-.
foilobtainedat a constantMachnmber of 0.90and~ angleofattack
of0°,andthevariationinthepressurepulsationsoccurringalongthe
uppersurfaceoftheairfoilforthesameconditions.Stiilardataare
showninfigure6(b)fortheairfoilat an angleof attackof 6.4°and
a Machnumberof 0.85.Correlationof theschlierenphotographswith
thepressuremeasurementsindicatedthatlargeshock-waveandseparation-
pointoscillationsoccurredalongtheairfoilchordandproducedthe
observedpressurepulsationson theairfoilsurface.Thepeakpul-
sationoccurredintheseparated-flowregionbetweenthemeanpoint
of flowseparationandthek-seoftheoscillatingshockwave.

PresstiePulsationMeasurements

Typicalpressurepulsationsalongtheuppersurfaceof theairfoils,
asaffectedby thickness,angleofattack,andMachnumber,areshown
infigure7. The12-percent-thickairfoilat 0°angleofattackfirst
encountersa moderatepulsationata Machnumberof 0.7. As theMach
numberis increased,thepulsationincreasesinamplitude.At a Mach
numberof0.87thepeakhasmovedrearwardandthepressurepulsations
haveincreasedinamplitudeto 22percentofthestresmdynamicpressure.
Correlationofschlierenmotionpictureswiththepressuremeasurements
indicatedthatthemostviolentshockoscillationalongthechordoccurred
nearthisMachnmnber.Furtherincreaae.inMachnmnbercausesrapid

Apreductioninthevalueof —. At a Machnumberof 1.0,withtheshocks
C!

at thetrailingedge,thepressurepulsationssreessentiallyzero.

As theairfoilthicknessisreducedfrom12.to4 percentchord,
thepressurepulsationsdecreaseinsmplitude.Thepressurepulsations
onthe4-percent-thickairfoilat 0°angleofattackarerelatively
small.

WithincreaseinangleofattackfrmnO0 to 8°,thereisa general
riseintheamplitudeofthepressurepulsations,anda forwardchord-
wisemovementof thelocationof thepeakamplitudesforalltheair-
foils. Thepressurepulsationsthatoccuronthethinairfoilsat lifting
conditionsarerandominnatureandlessseverethanon thethic~rair-
foils. At anglesofattackabove6°, andforMachnumbersfrom0.6to

.- .——--
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about0.8,highpulsationsoccuronthethin~irf’o~ti”causetheyare
stalled.Slightlyabovea Machnunberofabout0.8,flowattachment
occursat theleadingedge(reference4),afterwhichthepressurepul-
sationsdropabruptlyoverthefrontportiono“ftheairfoilandpul-
sationsofmuchloweramplitudeoccuronlynearthefootof theshoci. _
WithfurtherincreaseinMachnumber,theshockan~locationofpeak-
pressurepulsationsmoverearwardon theairfoilchord.A comparison
ofthepress’urepu~ationsfortheseveralaiifoilsshowsthatthe
pulsations‘aremuchloweron thethinprofiles,thanonthethickprofiles.

RelationofPressurePulsationstoBuffeting —

Reference5 indicatesthatbuffetingonstraight-wingedaircraft-
firstoccursata Machnunberapproximately0.06abovethelift-divergence
Machnumberobtainedfromtwo-dimensionaldatafortheairfoilcorre-
spondingto thatat themaximmh-thickness-ratiosectionofthewing. The”
0.06increaseinMachnumberforthebuffetingboundaryas determined
fromtwo-dimensionaldataisdueto theallevi&tingeffectof finite-
aspectratioonthetypicalfighter-typeaircraftreportedinrefer-
ences2 and5. Theseafrcraftwereoftheconventional>igh-speedtype,
havinga generallyhighwingloadings+ndwere.@stedovera limited
rangeofaltitudes. -. — .

Figure8 has beenpreparedinordertorelatetheobservedpressti
pulsationsto theforce-breakMachnumberwhichis indicativeof’buf-
feting.Thefigurepresentsthenormal-force-coefficientvariation with
Machnumberfortheoneairfoil,theNACA65AO09airfoil,forwhich
nomnal-forced&a areavailableat severalanglesofattack.To the
rightofthee~erimentalcurvefor Mcr,shockwavesarepresentinthe-~*
flow. CurvescorrespondingtopressurepulsationsAP/q of 0.10,0.14,
and0.20an.showninthefigure.A pressure-pulsationlevelof AP_ol&

Q “.
fromthepresentinvestigationdefinesa curve:whichcloselycoincides
withtheMachnumberfortheliftdivergenceforthisairfoilat the.
higheranglesofattack.Pressunpulsationsgreaterth6n“14percent -
ofthestreamdynamicpressureexistwithintheregiona>ovethecurve,
andbuffetingoftheairplaneoperatingat theseconditionshasbeen
reportedto occur(reference5). ,-..

Resultsofthisinvestigationaresummarizedin figure9. Thecurves‘
showninfigure9 representconditionsofMachnumberandangleofattack
forwhichthemaxihum-pressurepulsationat s~e pointon theairfoil
hasreacheda valueAp/q ofabout0.14.Theseapprox@ateboundaries
weredeterminedfromtheplotsor figure7 wit-htheaidQfhigh-speed
schlierenmotionpictures.At lowangle-of-at~ackandMach.numbercorn-.--._

binationsbelowthecurves,thevaluesof AJ arelesst“han0.14.As
f-l .: ---L .“. -,.- — ——

-.
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thespeedincreasesandtheregionto therightofthecurveispene-

trated,thevalueof ~ firstincreaseswithMachnumber,andthen
~

A~ ~ again .decreasesuntila secondboundaryisreached,beyondwhich “

less than0.14.At anangleofattackof 0°the12-percent-;hickair-
&foilhasa valueof — greaterthan0.14atMachnumbersfrom0.77
q

to 0.90. Forthe9-percent-thickairfoiltheflowboundaryisstiilar,
exceptthatthereisan angle-of-attackrangebelowabout3° inwhich
thefluctuationsarelessthan14percentofthestreamdynamicpressure ~-
Forthe6-percent-thickairfoiltheboundaryisstiilartothethicker
models,exceptthattheangle-of-attackandMachnumberrangesforsmall
pressurefluctuationshavebeenextended.Thegeneraltrendshownby
thecurvesforthe6-and9-percent-thickairfoilsis inagreementwith
theresultson flightbuffetboundariesp:esentedinreference2.

AtMachnumbersaround0.62thethinnersections(6-and4-percent-
thickairfoils)havesmallerangle-of-attackrangesforlow-amplitude
pressurepulsationsbecauseas a generalrulethesesectionsarestalled
at anglesofattackabove@. Theirregularityinthecurveforthe
4-percent-thickairfoilneara Machnumberof0.70Isattributedto
unsteadinessaccompanyingtheflowattachmentat theleadingedgeofthis
airfoil.Thisresultwasconfimnedinthemotion-pictureflowstudies.
A lineindicatingtheconditionsfortheleading-edgeflowattachment
forthe4-percent-thickairfoilis includedinfigure9. Thisairfoil

APhasa boundaryforflowfluctuationsof ~ of 0,14thatparallelsthe

lineforflowattachmentforthisairfoilat a slightlyhigherMach
nmber. Theagreementof thesecurveswouldindicatethatmostofthe
unsteadyflowassociatedwithshockon the4-percent-thickairfoilat
thehigherMachnumbersiscausedby theinstabilityof flowattachment
at theleadingedgeoftheairfoil.ForallMachnumbersabove0.8the
4-percent-thickairfoilshowsrelativelysteadyflow,andnoserious
forcefluctuationswouldbe expectedto occuronthisairfoilat tran:
sonicspeedsabove a Machnumberof 0.8foranglesofattackup toAt
least&, thelimitofthesetests.

/

CONCLUDINGREMARKS

Theamplitudeofpressurepulsationsassociatedwithshockoscilla-
tionsonairfoilsof 4-to 12-percent-chordthicknesshasbeendetermined

●

atMachnumbersbetween0.6and1.0andanglesofattackfrom0° to 8°.
Thepeak-pressurepulsationson theairfoilsoccurredintheregionalong

“
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thechordbetweentheseparationpointandtheinainlegoftheshock.
A ~riodic-t~)eoscillationwasobservedonlytinthethickestairfoil
(NACA651A012)nearzeroliftandovera limitedMachnumlx?rrange.For
allothertestconditionstheoscillationsappearedtobe randomin
character.

At a constantangleofattackthepeak-pressuiepulsationsincreased
inamplitudeandmoveddownstreamontheairfoilswithi~creesingMach
numberas theshocksmoveddownstream.Maximumvaluesof’thepressure
pulsationswerereachedinthespeedrangebetweenliftbreakandlift
recovery.FurtherincreaseinMachnumberproduceda decreaseinthe
pressurepulsations.At co~tantMachnixmber”theamplitudeof thepres-
surepulsationsgenerallyincreasedandthelo-cationof i%epeak-pressure
pulsationmovedforwardwiththeshockas theangleofattackwas
increased.

Stalledflowonthethinnerairfoilsproducedhigh-pressurepul- ,
sations whichweregreatlyreducedwhenflowattachmentat theleading
edgeoccurredabruptlyas theMachnumberwasincreased.At Machnmnbers
abovetheattachmentMachnumberthemagnitudejofthepulsationsdecreased
markedlyas thethicknessratiowasdecreased.‘If.itisassumedthat
theemplitudeofthesetwo-dimensionalpulsations“isindicativeof the
intensityofaircraftbuffeting,thenlargereductionsin intensityof
buffetingshouldbe obtainablethroughreductiopinwingthicknessratio.
Thelimitedflightbuffetingdatacurrentlyavailable,providequalitative
confhnationofthisbeneficialeffectofthicknessratioreduction.

LangleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

LangleyField,Va.
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TABLEI.- EASICSECTIONORDINATESFOR

SYMMETRICAL65A-sERmsAIRFOILS .

[Stationsandordinatesareinpercentofwingchord]

Ordinate

Station NACA NACA NACA NAC!A
65Ao04 65AO06: 65Ao09 651AOE
airfoil airfoil airfoil airfoil

o 0 0 0 0
-5 .11 .464 ! .690 ,913
.75 m3’j’8 .563 ~ .83’7 1.106

1.25 .481 .718 ~ 1.068 1.414
2.50 .656 .981 1.463 1.942
~.oo .877 1.313 ; 1.965 2.614
7.50 1.062 1.591.; 2.385 3.~76

10 1.216 1.824 , 2.736 3.647
15 1.463 2.194 : 3.2P 4.392
20 1.649 2.474 3.714 4.956
25 1.7go 2.687 4.03k 5.383

1.894 2.842“: 4.266 5.693
:; 1.962 2.945 ‘ 4.420 5.897
ko 1.996 2.996 : 4.495 5.995
45 1.996 2.992 i 4.486 5.977
50 1.952 2.925‘- ;. ;;: 5.828
55 1.867 2.793 ~ 5.544

1.742 2.602 3:881 5.143
?5 1.584 2.364 \ 3.519 4.654
70 1.400 2.087 3.099 4.091

1.193 1.775 2.631 3.467
z .966 1.437 ~ 2.I27 2.798
85 .728 1.083 ‘ 1.602 2.106
90 .490 .727 1.075 1.413
95 .249 .370 ‘ .547 .719

100 .009 .013 : .(320 .025

L.E. radius: 0.118 0.229 , 0.516 0.922

.
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Figure1.-Modelinstallationin the Langley4- by Ig-inchsemiopen P
tunnel. P



I Response of NACA miniature pressure gage No.88
throughfitting shownabove.

I Ooubteamptitudepressure pulsation 21” ~0

o Orifice diameter .020

.4

r
o 40 100

—1.08

5

400
Frequency, C. P. S.

Fiw 2.-Calibrationof pulsatingpressuremeasuring

Pm

system.

* * 1 a“
I



Orifice location

(percent chord ) NACA 65AO12 (1= 0° M =0,87

l== 0.1 SEC.+

INCREASINGTIME -

(a) Periodic-typepulsationsat a = 0° and M = 0.8Y.

Figure3.- Airfoilprofileand orificelocationswithtypicalrecords
of pulsatingpressuremeamrementBon NACA651A012 airfoil.
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/ Lowersurface

15

1/
0) 4

Percent chord I00

Figure4.-Typicalpressurepulsationson,theairfoilsurface.
NACA651A012airfoil.M = 0.80; a . 8°.

444 WNII
~lncreasing time

(a) a= O“; M=O.90; 5,000 frames per second.

(b) a=6.4° S9

~increasing time =s=
L-70821

M=O.87; 5,000 frames per second.

Figure5.- High-speedmotion-picturesequencesillustratingvery
rapidshockoscillationat lowtransonicMachnumbersonthe
NACA651A012airfoil.
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Figure6.- Instantaneousschlierenphotographsof the flow
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